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Abstract

Adults with Down syndrome are genetically predisposed to developing Alzheimer’s disease after
the age of 40. The cholinergic system, which is critical for cognitive functioning, is known to decline
in Alzheimer’s disease and although first investigated in individuals with Down syndrome 40 years
ago, remains relatively understudied. Existing studies suggest individuals with Down syndrome
have an intact cholinergic system at birth that declines through adulthood alongside the
development of Alzheimer’s disease pathology. The present study provides the first description of
cholinergic terminals in vivo in non-demented adults with Down syndrome utilizing ['®F]-
fluoroethoxybenzovesamicol PET imaging. In addition, we investigated age-associated decline in
cholinergic terminal density. Sixteen non-demented adults with Down syndrome and 20
neurotypically developed individuals were studied, comparing radiotracer uptake groupwise and
associations with age utilizing a voxel-based approach. Adults with Down syndrome displayed
significantly increased ['®F]-fluoroethoxybenzovesamicol uptake in the cerebellum, brainstem,
thalamus, and numerous cortical regions compared to age-matched controls. Cholinergic terminal
density in numerous cortical regions showed a steeper decline associated with increasing age in
adults with Down syndrome than observed in neurotypically developed adults in the age range
tested. These data suggest increased cholinergic terminal density in early adulthood in individuals
with Down syndrome with a more rapid or earlier age-associated decline than is observed in

neurotypically developed individuals.
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Abbreviations: ABC-DS, Alzheimer’s Biomarker Consortium — Down Syndrome; AD, Alzheimer’s
disease; ANTs, advanced normalization tools; APP, Amyloid precursor protein; Bs, brainstem; Cb,
cerebellum; CC, cingulate cortex; Ch1-4, cholinergic nuclei 1-4; DS, Down syndrome; IC, insular
cortex; FC, frontal cortex; ['®F]-FEOBV, ['®F]-fluoroethoxybenzovesamicol; FOV, Field of view;
FSL, FMRIB Software Library; FWHM, full width at half maximum; KBIT-2, Kaufman Brief
Intelligence Test Second Edition; MCI, Mild cognitive impairment; MRI, Magnetic resonance
imaging; OC, occipital cortex; OSEM, Ordered subsets expectation-maximization; PC, parietal
cortex; PET, Positron emission tomography; RBV, Region-based voxel-wise; TC, temporal cortex;
TE, Echo time; Th, thalamus; TR, Repetition time; TRC-DS, Trial Ready Cohort — Down

Syndrome; VAChT, vesicular acetylcholine transporter
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1. Introduction

Alterations in the cholinergic system in individuals with Down syndrome (DS) have been
investigated since the early 1980s (Brooksbank et al., 1989; Casanova et al., 1985; Kish et al.,
1989). The cholinergic system is vital in modulating normal cognitive function (Graef et al., 2011),
and decline in this system is responsible for impairments in cognitive functioning in aging and
neurodegenerative disease (Dumas & Newhouse, 2011). Disruptions in cholinergic signaling have
been hypothesized to play a role in the developmental disabilities observed in DS and the age-
and Alzheimer’s disease (AD)-related decline in cognition observed in adults with DS (Casanova
et al., 1985; Fodale et al., 2006). In autopsy studies in infants, it was found that the activity of the
cholinergic enzyme acetylcholinesterase across multiple brain areas was similar between
individuals with DS and non-DS controls (Brooksbank et al., 1989; Kish et al., 1989). Consistent
with these data suggesting an intact cholinergic system, efforts to enhance cognition in children
with DS using acetylcholinesterase inhibitors have been inconclusive, displaying modest or no
effect on cognitive function (Kishnani et al., 2010; Spiridigliozzi et al., 2007, 2016).

As neurotypical individuals age, the cholinergic system declines (Albin et al., 2018; M. J.
Grothe et al., 2014; Kanel et al., 2022), which is associated with decreased cognitive function
(Richter et al., 2014). In neurotypical individuals, age-related cholinergic decline is accelerated by
the development of AD pathology. Specifically, degeneration of the basal forebrain system (Ch1-
4) has been demonstrated in AD (Dumas & Newhouse, 2011; Fernandez-Cabello et al., 2020;
Whitehouse et al., 1981, 1982), with more recent studies suggesting the decline of this system is
present in subjective cognitive decline, a risk factor for the development of mild cognitive
impairment (MCI) (Nemy et al., 2023; Scheef et al., 2019). Reduced cholinergic basal forebrain
volume has been associated with poorer performance on numerous cognitive endpoints in healthy
elderly individuals and individuals with AD (Richter et al., 2014; Xia et al., 2022).

Individuals with DS are virtually certain to develop AD (Fortea et al., 2021) and are

reported to display a general accelerated aging phenomenon (Zigman, 2013). The triplicated
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chromosome 21 contains the gene for the amyloid precursor protein (APP), with overexpression
of APP believed to underlie the early widespread amyloid deposition seen in individuals with DS
(Rafii et al., 2019; Wisniewski et al., 1985). The life expectancy for individuals with DS has greatly
increased over the last several decades and was reported as 57 years in 2019 (lulita et al., 2022).
As such, AD is now the leading cause of death in individuals with DS (Hithersay et al., 2019), with
an estimated age of AD dementia onset of 53.8 years and an estimated age of death due to AD
of 58.4 years (lulita et al., 2022). Central cholinergic degeneration occurs early in the development
of AD pathology and underlies many of the cognitive deficits observed in AD. In contrast to studies
in children with DS, in adults with DS, some studies with acetylcholinesterase inhibitors have
displayed modest positive effects on cognition (Heller et al., 2004; Spiridigliozzi et al., 2007),
although effects are still mixed with no effects observed in young adults (Kishnani et al., 2009).
Given the high risk of AD in individuals with DS, the role of basal forebrain cholinergic decline in
AD symptomatology, and the accelerated aging phenomenon observed in numerous systems in
AD, it is important to understand how the cholinergic system changes with aging in adults with
DS.

Studies in adults with DS are relatively limited; one small study suggests a reduction in
the number of neurons within the nucleus basalis of Meynert (Ch4) compared to controls, with an
increased decline from 16-56 years of age in adults with DS (Casanova et al., 1985). More recent
work in adults with DS, performed using magnetic resonance imaging (MRI) volumetry, indicated
decreasing anteromedial (Ch1-3) and posterior (Ch4) basal forebrain volumes with the
progression from asymptomatic through prodromal AD to symptomatic AD (Rozalem Aranha et
al., 2023). These data indicate an important role for basal forebrain cholinergic degeneration
alongside the development of AD pathology, which may underlie AD-related cognitive impairment
in individuals with DS, as is observed in the typically developed population. Whether performed
using MRI methodologies or post-mortem, cholinergic basal forebrain anatomy provides important

information about the basal forebrain projection system in general; however, it does not indicate
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potential regional changes in cholinergic terminals. Assessments of changes in cholinergic
terminals in adults with DS have not been performed. Such studies investigating regional
cholinergic terminals would provide greater insight into cholinergic decline in adults with DS
compared to neurotypical individuals with AD.

The density of the central cholinergic nerve terminals can be assessed using positron
emission tomography (PET) imaging. Specifically, ['®F]-fluoroethoxybenzovesamicol (['®F]-
FEOBYV) is a vesamicol-derived radiotracer that binds to the vesicular acetylcholine transporter
(VAChT) found in cholinergic nerve terminals (Mulholland et al., 1993, 1998). ['®F]-FEOBV uptake
has shown decreased binding in patients with AD (Aghourian et al., 2017), with an association
between cognitive performance and ['®F]-FEOBV uptake observed (Xia et al., 2022).
Furthermore, in neurotypical individuals, regional ['®F]-FEOBV uptake has been observed to
decline with increasing age (Albin et al., 2018; Kanel et al., 2022; Okkels et al., 2023). These data
suggest that ['®F]-FEOBV PET is sensitive to changes in cholinergic terminals seen with normal
aging and in the early stages of AD.

The present study is the first to describe cholinergic terminal density in adults with DS
using cholinergic PET imaging. As such, we first investigated whether individuals with DS display
differences in ['®F]-FEOBV uptake compared to an age-matched neurotypical control group.
Secondly, we perform exploratory analyses to assess whether adults with DS display a more rapid

age-related decline in cholinergic terminal density than neurotypical controls.

2. Methods

2.1. Participants
Sixteen individuals with DS not qualifying for a diagnosis of mild cognitive impairment or
dementia, with an average age of 35.5 years old (range 19-50 years old, 8 male, 8 female), were

recruited at Vanderbilt University Medical Center. These participants underwent neuropsychiatric
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assessment (Down Syndrome Mental State Exam, with KBIT-2 used to establish premorbid
intellectual disability), an ['®F]-FEOBV PET scan, and an MRI scan (see Table 1 for a summary of
participant demographics and cognitive scores). Participants over 25 years old were recruited
from the Trial Ready Cohort — Down Syndrome (TRC-DS), a cohort study where participants
undergo multimodal imaging and cognitive assessments (NCT04165109). The younger
participants, aged 18-24 years, were recruited into a study examining cholinergic terminal density
in DS (NCT05231798). These participants completed the same MRI sequences and cognitive
measures as those in the TRC-DS study and the ['®F]-FEOBV PET scan. The Vanderbilt
University Medical Center Institutional Review Board approved both the TRC-DS and the
cholinergic substudy, and participants or legally authorized representatives gave written informed
consent in accordance with the Declaration of Helsinki.

The control group was selected to have the same average age and sex distribution. It
consisted of 20 neurotypically developed adults with an average age of 35.5 years old (range 20-
61, 10 males, 10 females). Participants under 40 were recruited at the University of Michigan,
data which has been used in previous studies of changes in ['®F]-FEOBV binding in aging (Albin
et al., 2018; Kanel et al., 2022), while participants over 50 were recruited at Vanderbilt University
Medical Center and the University of Vermont (NCT04129060) for a separate study on central
cholinergic health following menopause where a subset of participants underwent ['®F]-FEOBV
PET imaging alongside additional study procedures including an MRI (see Table 1 for participant
demographics). No participants from the control group had histories of psychiatric or neurological
disease, and all participants had a normal neurological exam at the time of the study. The
Institutional Review Board at University of Michigan approved the study containing control
participants under 40 years of age, while the study containing control participants over 50 years
old was approved by the University of Vermont Institutional Review Board, with the ['®F]-FEOBV
PET imaging substudy approved by the Vanderbilt University Medical Center Institutional Review

Board. All participants gave written informed consent in accordance with the Declaration of
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Helsinki. All 13 neurotypical participants from the group under 40 years old were utilized, while
seven neurotypical participants from the group over 50 years old were selected to generate a
control group with a matched average age and a balanced sex distribution. Study data from the
Vanderbilt University Medical Center was collected and managed using REDCap electronic data

capture tools hosted at Vanderbilt University Medical Center (Harris et al., 2009, 2019).

2.2. MRI and ['®F]-FEOBV PET scan acquisition

For adults with DS, MRI scans were performed on a research-dedicated Philips 3.0T
Ingenia Elition X (Philips Medical Systems, Best, the Netherlands) at Vanderbilt University Medical
Center. T1-weighted scans with TR = 6.7 ms, TE = 3.1 ms, and a spatial resolution of 1 x 1 x 1.2
mm? (170 slices and 334-second duration) were utilized for PET image registration.

For the neurotypical individuals, MRI scans were performed on a research-dedicated
Philips 3.0T Ingenia CX (Philips Medical Systems, Best, the Netherlands) at Vanderbilt University
Medical Center or the University of Vermont, or a Philips 3.0T Achieva system (Philips Medical
Systems, Best, the Netherlands) at the University of Michigan. T1-weighted scans with TR = 6.3
ms, TE = 2.9 ms, and a spatial resolution of 1 x 1 x 1 mm? (225 slices and 338-second duration)
from the scans at Vanderbilt University Medical Center and TR = 9.8 ms, TE = 4.6 ms and a spatial
resolution 1 x 1 x 1 mm?® (136 slices) from the scans at Michigan University were utilized for PET
image registration.

Participants with DS and control participants from Vanderbilt University Medical Center
received 6.5mCi + 10% ['®F]-FEOBV via a slow |.V. bolus, while control participants from Michigan
received 7.8 - 8.6mCi as previously described (Albin et al., 2018). Data acquisition began after a
3-hour uptake; subjects underwent a 30-minute scan consisting of six 300-second frames with a
voxel size of 2 mm isotropic and a field of view (FOV) of 256 mm. PET scans were performed
using a Philips Vereos digital PET/CT system at Vanderbilt University Medical Center and an

ECAT Exact HR+ PET tomograph (Seimens Molecular Imaging) at University of Michigan. PET
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images from both sites were reconstructed using the OSEM-3D method with Gaussian smoothing

and resampled to generate matching voxel sizes.

2.3. PET Image Processing

PET images were motion-corrected using MCFLIRT in FSL. PetSurfer
(https://surfer.nmr.mgh.harvard.edu/fswiki/PetSurfer) (Greve et al., 2014, 2016) was used to
coregister ['®F]-FEOBV PET images with structural T1 weighted MRI images and partial volume
correct PET images with the region-based voxel-wise (RBV) method (Thomas et al., 2011), with
smoothing to a 4mm full width at half maximum (FWHM). The PET images were normalized to
the eroded supraventricular white matter, similar to previous publications with this tracer (Albin et
al., 2018) (Analysis without partial volume correction produces similar results and can be seen in
Supplemental Figures 1-4). Coregistered PET and structural MRI images were imported to
Advanced Neuroimaging Tools (Cullen & Avants, 2018) in Python (ANTsPy (v.0.5.3) and
ANTsPyNet (v0.2.8), Python v3.12.4). Brains were extracted from structural T1-weighted MRIs
using the brain extraction tool in ANTsPyNet and then transformed into MNI-152 space using
symmetric normalization with ANTsPy. PET images were transformed into MNI-152 space using
the fwdtransforms function in ANTsPy.

Study-specific masks were generated using nilearn (v0.10.4) in Python (v3.12.4)
(Abraham et al., 2014). T1-weighted MRI images in MNI-152 space were used to calculate a
whole brain and white matter masks. The white matter mask was then inverted to produce a whole
brain mask, excluding white matter for each subject. These masks were then combined on a
probabilistic level. If a voxel was within the masked area for >30% of participants, it was included

in the final mask for the specific analysis.

2.4. Voxel-based analysis and statistics

All voxel-based analysis was performed using nilearn. Groupwise comparisons between
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adults with DS and neurotypical adults were performed using a whole-brain voxel-wise general
linear model with group as the variant of interest and sex, as defined by the sex assigned at birth,
and age as covariates. A threshold of p<0.001 with a minimum cluster size of 50 was used to
determine regions displaying a significant difference between groups. To assess age-related
change in ['®F]-FEOBV uptake, a general linear model was used in a whole-brain voxel-wise
approach with age as the variant of interest and sex as a covariate; as these endpoints were
exploratory, a more permissive p-value of p<0.005 with a minimum cluster size of 50 was used to
determine significant age-related change with both positive and negative correlations evaluated.
To compare the rate of age-related decline between the adults with DS and neurotypically
developed individuals, a general linear model assessing the interaction between group and age
was performed with a p-value of p<0.005 and cluster size 50. A whole-brain assessment of age-
related change in the two groups was performed, where the beta-value for the association
between age and ['®F]-FEOBV uptake masked to include only negative associations was
displayed to assist in the visualization of this analysis. For this, no significance threshold was
used such that the beta value could be observed in all voxels. Results are visualized using the

xjView toolbox (https://www.alivelearn.net/xjview).

3. Results
3.1 ['F]-FEOBV uptake in adults with DS is greater across numerous regions than seen in
neurotypically developed individuals.

Adults with DS displayed an increase in ['®F]-FEOBV uptake across numerous brain
regions when compared to age-matched neurotypically developed control participants (Figure 1).
The increased ['®F]-FEOBYV uptake in adults with DS is most apparent throughout the cerebellum
and brainstem regions. Increased uptake is also observed through numerous cortical and

subcortical areas, with increased uptake bilaterally in regions of the thalamus, occipital cortex,
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temporal cortex, frontal cortex, insular cortex, and parietal cortex.

In addition to the diffuse regions of increased ['®F]-FEOBV uptake in adults with DS,
several restricted clusters display reduced ['®F]-FEOBV uptake compared to neurotypically
developed control individuals. Notably, clusters with decreased ['®F]-FEOBV binding are observed

in the cingulate cortex, the parietal cortex, and the boundary of the occipital and temporal cortices.

3.2 Adults with DS and neurotypically developed individuals display greater age-associated
decreases in ['8F]-FEOBV uptake than in neurotypically developed controls.

Participants with DS display a number of clusters that have a negative association with
increasing age, i.e., increasing age predicts lower ['®F]-FEOBV uptake (Figure 2). These clusters
are most predominant in cortical regions with numerous frontal, insular, parietal, cingulate, and
temporal cortical clusters. A small cluster is also observed in the cerebellum. In addition to these
negative associations, a small cluster in the frontal cortex displays an increase in ['®F]-FEOBV
uptake with increasing age.

To assess whether adults with DS display a more rapid age-associated decline in
cholinergic terminal density than age-matched neurotypically developed controls, the beta value
for the relationship between age and ['®F]-FEOBV uptake was evaluated across the whole brain
for the two groups; neurotypically developed controls (Figure 3A) and adults with DS (Figure 3B).
Subjectively, a range of areas display increased negative beta values in adults with DS. To
quantify this, the age x group interaction was assessed (Figure 4). Adults with DS displayed a
more negative age-associated decline in ['®F]-FEOBV uptake than neurotypical controls in frontal,
temporal, parietal, cingulate, insular, and occipital cortical regions. In addition to these cortical
regions, increased age-associated decline was observed in cerebellar and brainstem clusters.

One small cluster in the frontal cortex displayed a more negative age-related association in the
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neurotypically developed group.

4. Discussion

The basal forebrain cholinergic system is known to decline early in the development of AD
(Daamen et al., 2023; Scheef et al., 2019; Schmitz & Nathan Spreng, 2016), and loss of the
cholinergic system is associated with the cognitive deficits observed in MCIl and AD (Dumas &
Newhouse, 2011; Richter et al., 2022; Xia et al., 2022). Studies in individuals with DS have
suggested an intact cholinergic system at birth with a decline in the basal forebrain cholinergic
system during adulthood as AD-related pathology develops. Prior work has focused on the basal
forebrain nuclei either at post-mortem or using MRI volumetry (Casanova et al., 1985; Rozalem
Aranha et al., 2023). The present study utilizes the ['®F]-FEOBV PET ligand in adults with DS to
assess the cholinergic terminal density in cortical and subcortical regions in relation to an age-
matched control group and as a function of age. This approach allows for the assessment of
projections from the basal forebrain, brainstem nuclei, and cholinergic interneurons. These
assessments produce two predominant findings. Firstly, adults with DS have a higher level of
['®F]-FEOBV uptake throughout large brain areas. Secondly, they display a more rapid age-
associated decline in ['®F]-FEOBV uptake than neurotypical control individuals. These contrasting
findings suggest differing mechanisms affecting the cholinergic system in adults with DS, as
discussed below.

Groupwise comparisons between two age-matched groups consisting of adults with DS
and neurotypically developed adults revealed increased ['®F]-FEOBV uptake, particularly in the
cerebellum and brainstem, but also observed throughout numerous cortical and thalamic regions.
Interestingly, the observed increase in ['®F]-FEOBV uptake in a range of cortical regions in adults
with DS is supported by MRI basal forebrain volumetry, where previous work has revealed
increased posterior basal forebrain volume (which projects throughout cortical regions) in non-

demented adults with DS compared to age-matched neurotypical controls (Rozalem Aranha et
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al., 2023). The reason for this increase in ['®F]-FEOBV uptake in adults with DS compared to
neurotypical controls is not immediately apparent. However, this may be a response to the early
development of AD pathology that is observed in adults with DS (Rafii & Santoro, 2019). Previous
studies have suggested an upregulation of cholinergic markers early in the development of AD
(Dekosky et al., 2002). However, many observed changes are in subcortical regions not
innervated by the cholinergic basal forebrain, the primary cholinergic system affected by AD
pathology in neurotypically developed individuals. An alternative hypothesis is that this increased
['®F]-FEOBV uptake may be an upregulation of cholinergic neurotransmission as compensation
for developmental excitatory/inhibitory disturbances hypothesized in DS. SLC18A3, the gene
encoding VAChT, is part of exon 1 of the choline acetyltransferase gene (CHAT) with evidence of
coordinate regulation of their gene products (Gilmor et al., 1998). Increased regional VAChT
density may thus indicate increased, compensatory cholinergic neurotransmission. Current
hypotheses suggest an over-activation of the GABAergic system, resulting in excess inhibition
early in development (Zorrilla de San Martin et al., 2018). One of the roles of the cholinergic
system is to facilitate excitatory glutamatergic signaling in cortical (Baker et al., 2018; Marino et
al., 1998) and cerebellar regions (Zhang et al., 2016); as such, the cholinergic system may display
upregulation to compensate for this excess inhibition, resulting in a higher baseline level of
cholinergic terminal density or signaling, as measured by ['®F]-FEOBV uptake in adults with DS.
Particularly notable increased regional cerebellar ['®F]-FEOBV uptake was found broadly across
cerebellar folia. Increased regional cerebellar ['®F]-FEOBV uptake was seen also in early-
moderate stage Parkinson disease subjects, perhaps as part of common compensatory cerebellar
responses to forebrain pathologies (Brown et al., 2024; van der Zee et al., 2022). Previous work
in non-demented adults with DS has reported increased glucose metabolic rate (GMR) measured
by ['®F]-Fluorodeoxyglucose (['®F]-FDG) PET during task-based conditions, in this case the

increased GMR was predominant in the temporal/entorhinal cortex and hypothesized to be a
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compensatory mechanism for early AD pathology (Head et al., 2007).

As adults with DS get older, they appear to display age-associated decreases in ['®F]-
FEOBYV uptake that is greater than is observed in neurotypically developed individuals across a
similar age range. Regions displaying age-related decline within the frontal cortex and insular
cortex overlap with clusters that displayed increased ['®F]-FEOBV uptake in adults with DS when
compared to neurotypically developed age-matched controls, while areas in the cingulate cortex
overlapped with regions that displayed reduced ['®F]-FEOBV uptake compared to age-matched
controls. This suggests that a more rapid aging of the cholinergic system is occurring in adults
with DS compared to neurotypical controls across the age range assessed while starting from a
higher baseline ['®F]-FEOBV uptake in some regions. Cholinergic terminal density has been
described to decline with normal aging in the absence of neuropathology in neurotypically
developed adults (Albin et al., 2018; M. Grothe et al., 2012; Kanel et al., 2022) with more rapid
decline observed with the development of AD pathology (Aghourian et al., 2017; Nemy et al.,
2023). Individuals with DS are considered to be on the AD continuum since birth (Jack et al.,
2024), with evidence of AD pathology developing at age 12 years (Lemere et al., 1996). The early
and rapid development of AD pathology in adults with DS (Fortea et al., 2021; Rafii & Santoro,
2019), with amyloid PET positivity by 40 years of age and a shortened interval from amyloid
positivity to accumulation of tau tangles (Zammit et al., 2021, 2024), may underly this more rapid
decline in cortical cholinergic terminal density in adults with DS compared to neurotypically
developed controls.

This study provides evidence for a more rapidly declining cholinergic system from a higher
baseline in adults with DS compared to neurotypically developed adults. However, it is not without
limitations. Firstly, the sample size of 16 adults with DS is relatively small. However, this compares
favorably to studies utilizing ['®F]-FEOBYV in studies of MCI (Xia et al., 2022), Parkinson’s disease
(Horsager et al., 2022), and idiopathic REM sleep behavior disorder (Bedard et al., 2019).

Somewhat larger studies have been completed with ['®F]-FEOBV in neurotypically developed
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individuals (Albin et al., 2018; Kanel et al., 2022) and in Parkinson’s disease (Albin et al., 2022).
Secondly, data from two sites was utilized in this study; the neurotypically developed control group
data was predominantly collected at the University of Michigan, while the data from individuals
with DS was collected at Vanderbilt University Medical Center. Reconstruction methods were
matched to control for site differences, and images were resampled to match the larger voxel size
from the data collected at the University of Michigan. Further corrections based on site were not
performed due to demographic differences (sex and condition) in the sample between sites.
Finally, individuals with Down syndrome are known to display neuroanatomical differences
compared to neurotypically developed individuals (Beacher et al., 2010; Pujol et al., 2018). To
control for these differences, we utilized study-specific probabilistic masks, and all analyses were
performed following partial volume correction and warping to a common template.

Studies are ongoing to investigate the association between AD pathology and central
cholinergic terminal density to differentiate whether the observed age-related reduction in ['®F]-
FEOBYV uptake in the present cohort is related to an accelerated aging phenomenon in individuals
with DS or the development of AD-related pathology. These studies will utilize data from the
Alzheimer’s Biomarkers Consortium — Down Syndrome (ABC-DS) and TRC-DS studies. These
studies include multimodal imaging assessments, including MRI, amyloid, and tau PET imaging.
Amyloid and Tau PET imaging provide measures of Alzheimer’s pathology that can be associated
with measures of cholinergic terminal density, including cholinergic basal forebrain volumetry from
MRI imaging and ['®F]-FEOBV PET. The relationship between cholinergic terminal density and
different measures of Alzheimer’s disease pathology will be assessed at baseline and

longitudinally.

5. Conclusion
We have presented data indicating that adults with DS have an increased baseline

cholinergic terminal density with an increased age-associated decline compared to neurotypical
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controls. We demonstrated that adults with DS display increased ['®F]-FEOBV uptake in cortical
and sub-cortical regions compared to age-matched controls. In addition, we have presented data
suggesting that the cholinergic system declines faster in adults with DS than in the neurotypical
population. Ongoing studies will assess whether this more rapid cholinergic decline is associated
with the early development of AD pathology. As this cohort increases in size, future studies will
investigate the relationship between amyloid and tau pathology, cognitive function, and
cholinergic decline as measured by ['®F]-FEOBYV in adults with DS. Data associating ['®F]-FEOBV
uptake with measures of AD pathology and cognitive endpoints may provide support for ['®F]-
FEOBV PET as a measure to aid in staging individuals with DS on the AD continuum and potential

utility as an outcome measure in clinical trials.
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Table 1. Participant Demographics

Down Syndrome Cohort Neurotypical Cohort
Totaln=16 Total n =20

Male/Female (% Female) 8/8 (50%) 10/10 (50%)
Age (range) 35.5 (19-50) 35.5(21-61)
Race Not recorded

White 15 (93.7%)

Black or African American 0 (0%)

Mixed 1(6.3%)

1Q: KBIT (range 48.3 (40-66) NA

DSMSE (range) 70.4 (41-88.5) NA
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Figure 1. Adults with DS display increased ['*F]-FEOBV uptake compared to age-matched

neurotypically developed controls. Voxel-based comparison of ['®F]-FEOBV uptake between
adults with DS and neurotypical controls, adjusted for age and sex. Warm colors (green through
red) indicate areas of significantly higher ['F]-FEOBV uptake in adults with DS, while cold colors
(blues) indicate areas of significantly lower ['®F]-FEOBV uptake in adults with DS. The color bar
indicates the z-score. Bs, brainstem; Cb, cerebellum; CC, cingulate cortex; IC, insular cortex; FC,

frontal cortex; OC, occipital cortex; PC, parietal cortex; TC, temporal cortex; Th, thalamus.
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Figure 2. Adults with DS display age-associated decline in ['®F]-FEOBV. Voxel-based
association of ['F]-FEOBV uptake and age, adjusted for sex. Warmer colors (orange through red)
indicate significantly increased ['®F]-FEOBV binding with increased age, and colder colors (yellow
through blue) indicate significantly decreased ['®F]-FEOBV with increased age. The color bar
indicates the z-score. Cb, cerebellum; CC, cingulate cortex; IC, insular cortex; FC, frontal cortex;

PC, parietal cortex; TC, temporal cortex.
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Figure 3. Age-associated changes in ['*F]-FEOBV uptake. Shown are the negative beta-
values of the whole brain (minus white matter) voxel-based association between age and ['®F]-
FEOBYV uptake in neurotypically developed individuals (A) and adults with DS (B). Yellow indicates
a beta value of zero, with colder colors indicating a decrease in ['®F]-FEOBV uptake with

increasing age. All negative voxels are shown with no masking by significance performed.

Z-score

Figure 4. Adults with DS show increased age-associated decline in ['®F]-FEOBV uptake
compared to age-matched neurotypically developed controls. Voxel-based age x group
interaction, colder colors (yellow through blue) indicate a significantly increased age-associated
decline in adults with DS. In comparison, hotter colors (reds) indicate a significantly increased
age-associated decline in the neurotypical control group. Bs, brainstem; Cb, cerebellum; CC,
cingulate cortex; IC, insular cortex; FC, frontal cortex; OC, occipital cortex; PC, parietal cortex;

TC, temporal cortex.


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Acknowledgments

We would like to thank Alexandra Key and Elise McMillan from the Vanderbilt Kennedy
Center for their assistance with recruitment and outreach, Sepideh Shokouhi for her input during
the study's design, and the participants and families for their continued dedication to science. The

figures were assembled using BioRender.com.

Funding

This manuscript's preparation was supported by the National Institute on Aging
R21AG075643 to PAN, the Alzheimer’s Association AARG-21-850839 to ACC, the National
Institute on Aging R33AG066543 to MSR, the National Institute on Aging RO1AG073100 to RA,
the National Institute of Neurological Disorders and Stroke P50NS091856 to RA, the National
Institute of Neurological Disorders and Stroke P50NS123067 to RA, and the National Institute on
Aging RO1AG066159 to JD and PAN. The Vereos PET/CT scanner in the VUIIS Human Imaging
Core was supported by NIH S100D012297, the Philips 3.0T Ingenia Elition X was supported by
NIH 1S100D021771-01, and the manufacturing of ['®F]-FEOBV in the VUIIS Radiochemistry core
is supported by 1S100D032383. Vanderbilt Institute for Clinical and Translational Research is
supported by the clinical and translational science award 2UL1TR000445. The sponsors had no
role in the design and conduct of the study; in the collection, analysis, and interpretation of data;

in the preparation of the manuscript; or in the review or approval of the manuscript.

CRediT authorship contribution statement
Jason K Russell: Writing — original draft, Formal analysis, Conceptualization, Investigation,
Visualization, Software, Alexander C. Conley: Writing — review and editing, Conceptualization,

Funding acquisition, Investigation, Brian D. Boyd: Writing — review and editing, Formal analysis,


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Software, J. Patrick Begnoche: Writing — review and editing, Formal Analysis, Software, Rachel
Schlossberg: Writing — review and editing, Investigation, Project administration, Allison
Stranick: Writing — review and editing, Investigation, Project administration, Adam J.
Rosenberg: Writing — review and editing, Resources, Lealani Mae Y Acosta: Writing — review
and editing, Investigation, Dann Martin: Writing — review and editing, Investigation, Yasmeen
Neal: Writing — review and editing, Investigation, Prabesh Kanel: Writing — review and editing,
Resources, Roger L. Albin: Writing — review and editing, Resources, Michael S. Rafii: Writing —
review and editing, Funding acquisition, Julie Dumas: Writing — review and editing, Funding
acquisition, Paul A. Newhouse: Writing — review and editing, Funding acquisition, Supervision,

Conceptualization

Conflict of interest

Dr. Newhouse and Dr. Dumas report grants from National Institute on Aging, during the
conduct of the study; Dr. Rafii reports personal fees from AC Immune, Alzheon, Aptah Bio,
Biohaven, Keystone Bio, Positrigo, lonis, grants from Eisai and Lilly, outside the submitted work;
Dr. Rosenberg reports grants and non-financial support from General Electric Healthcare, outside

the submitted work; the remaining authors have no conflicts to disclose.


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

References

Abraham, A., Pedregosa, F., Eickenberg, M., Gervais, P., Mueller, A., Kossaifi, J., Gramfort, A.,
Thirion, B., & Varoquaux, G. (2014). Machine learning for neuroimaging with scikit-learn.
Frontiers in Neuroinformatics, 8(FEB), 71792.

https://doi.org/10.3389/FNINF.2014.00014/BIBTEX

Aghourian, M., Legault-Denis, C., Soucy, J.-P., Rosa-Neto, P., Gauthier, S., Kostikov, A., Gravel,
P., & Bédard, M.-A. (2017). Quantification of brain cholinergic denervation in Alzheimer’s
disease using PET imaging with [18F]-FEOBV. Molecular Psychiatry, 22(11), 1531-1538.

https://doi.org/10.1038/mp.2017.183

Albin, R. L., Bohnen, N. I., Muller, M. L. T. M., Dauer, W. T., Sarter, M., Frey, K. A., & Koeppe, R.
A. (2018). Regional vesicular acetylcholine transporter distribution in human brain: A
[18F]fluoroethoxybenzovesamicol positron emission tomography study. The Journal of

Comparative Neurology, 526(17), 2884—-2897. https://doi.org/10.1002/CNE.24541

Albin, R. L., Kanel, P,, Van Laar, T., Van Der Zee, S., Roytman, S., Koeppe, R. A., Scott, P. J. H.,
& Bohnen, N. I. (2022). No Dopamine Agonist Modulation of Brain [18F]FEOBYV Binding in
Parkinson’s Disease. Molecular Pharmaceuitics, 19(4), 1176-1182.

https://doi.org/10.1021/ACS.MOLPHARMACEUT.1C00961

Baker, A. L., O'Toole, R. J., & Gulledge, A. T. (2018). Preferential cholinergic excitation of
corticopontine  neurons. The Journal of Physiology, 596(9), 1659-1679.

https://doi.org/10.1113/JP275194

Beacher, F., Daly, E., Simmons, A., Prasher, V., Morris, R., Robinson, C., Lovestone, S., Murphy,
K., & Murphy, D. G. M. (2010). Brain anatomy and ageing in non-demented adults with
Down’s syndrome: an in vivo MRI study. Psychological Medicine, 40(4), 611-619.

https://doi.org/10.1017/S0033291709990985


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Bedard, M. A., Aghourian, M., Legault-Denis, C., Postuma, R. B., Soucy, J. P., Gagnon, J. F.,
Pelletier, A., & Montplaisir, J. (2019). Brain cholinergic alterations in idiopathic REM sleep
behaviour disorder: a PET imaging study with 18F-FEOBV. Sleep Medicine, 58, 35—-41.

https://doi.org/10.1016/J.SLEEP.2018.12.020

Brooksbank, B. W. L., Walker, D., Balazs, R., & Jorgensen, O. S. (1989). Neuronal maturation in
the foetal brain in Down’s syndrome. Early Human Development, 18(4), 237-246.

https://doi.org/10.1016/0378-3782(89)90019-4

Brown, T., Kanel, P., Carli, G., Barr, J., Bohnen, N. |., & Albin, R. L. (2024). Cognitive and
Cholinergic Systems Trajectories in Parkinson Disease. MedRxiv: The Preprint Server for

Health Sciences. https://doi.org/10.1101/2024.07.17.24310588

Casanova, M. F., Walker, L. C., Whitehouse, P. J., & Price, D. L. (1985). Abnormalities of the
nucleus basalis in Down’s syndrome. Annals of Neurology, 18(3), 310-313.

https://doi.org/10.1002/ANA.410180306

Cullen, N. C., & Avants, B. B. (2018). Convolutional Neural Networks for Rapid and Simultaneous
Brain Extraction and Tissue Segmentation. Neuromethods, 136, 13-34.

https://doi.org/10.1007/978-1-4939-7647-8_2

Daamen, M., Scheef, L., Li, S., Grothe, M. J., Gaertner, F. C., Buchert, R., Buerger, K., Dobisch,
L., Drzezga, A., Essler, M., Ewers, M., Fliessbach, K., Herrera Melendez, A. L., Hetzer, S.,
Janowitz, D., Kilimann, ., Krause, B. J., Lange, C., Laske, C., ... Boecker, H. (2023). Cortical
Amyloid Burden Relates to Basal Forebrain Volume in Subjective Cognitive Decline. Journal

of Alzheimer’s Disease : JAD, 95(3), 1013—1028. https://doi.org/10.3233/JAD-230141

Dekosky, S. T., lkonomovic, M. D., Styren, S. D., Beckett, L., Wisniewski, S., Bennett, D. A,
Cochran, E. J., Kordower, J. H., & Mufson, E. J. (2002). Upregulation of choline

acetyltransferase activity in hippocampus and frontal cortex of elderly subjects with mild


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

cognitive impairment. Annals of Neurology, 51(2), 145-155.

https://doi.org/10.1002/ANA.10069

Dumas, J. A., & Newhouse, P. A. (2011). The Cholinergic Hypothesis of Cognitive Aging Revisited
Again: Cholinergic Functional Compensation. Pharmacol Biochem Behav., 99(2), 254—-261.

https://doi.org/10.1016/j.pbb.2011.02.022.

Fernandez-Cabello, S., Kronbichler, M., Van Dijk, K. R. A., Goodman, J. A., Spreng, R. N., &
Schmitz, T. W. (2020). Basal forebrain volume reliably predicts the cortical spread of

Alzheimer’s degeneration. Brain, 143(3), 993—-1009. https://doi.org/10.1093/brain/awaa012

Fodale, V., Mafrica, F., Caminiti, V., & Grasso, G. (2006). The cholinergic system in Down’s
syndrome.  Journal  of Intellectual  Disabilities:  JOID, 10(3), 261-274.

https://doi.org/10.1177/1744629506067615

Fortea, J., Zaman, S. H., Hartley, S., Rafii, M. S., Head, E., & Carmona-Iragui, M. (2021). Down
syndrome-associated Alzheimer’s disease: a genetic form of dementia. The Lancet.

Neurology, 20(11), 930-942. https://doi.org/10.1016/S1474-4422(21)00245-3

Gilmor, M. L., Counts, S. E., Wiley, R. G., & Levey, A. |. (1998). Coordinate expression of the
vesicular  acetylcholine  transporter and choline acetyltransferase  following
septohippocampal pathway lesions. Journal of Neurochemistry, 71(6), 2411-2420.

https://doi.org/10.1046/J.1471-4159.1998.71062411.X

Graef, S., Schoénknecht, P., Sabri, O., & Hegerl, U. (2011). Cholinergic receptor subtypes and their
role in cognition, emotion, and vigilance control: An overview of preclinical and clinical
findings. Psychopharmacology, 215(2), 205-229. https://doi.org/10.1007/s00213-010-2153-

8


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Greve, D. N,, Salat, D. H., Bowen, S. L., Izquierdo-Garcia, D., Schultz, A. P., Catana, C., Becker,
J. A., Svarer, C., Knudsen, G. M., Sperling, R. A., & Johnson, K. A. (2016). Different partial
volume correction methods lead to different conclusions: An (18)F-FDG-PET study of aging.

Neurolmage, 132, 334—-343. https://doi.org/10.1016/J.NEUROIMAGE.2016.02.042

Greve, D. N., Svarer, C., Fisher, P. M., Feng, L., Hansen, A. E., Baare, W., Rosen, B., Fischl, B.,
& Knudsen, G. M. (2014). Cortical surface-based analysis reduces bias and variance in
kinetic modeling of  brain PET  data. Neurolmage, 92, 225-236.

https://doi.org/10.1016/J.NEUROIMAGE.2013.12.021

Grothe, M., Heinsen, H., & Teipel, S. J. (2012). Atrophy of the cholinergic basal forebrain over the
adult age range and in early stages of Alzheimer’s disease. Biological Psychiatry, 71(9), 805.

https://doi.org/10.1016/J.BIOPSYCH.2011.06.019

Grothe, M. J., Ewers, M., Krause, B., Heinsen, H., & Teipel, S. J. (2014). Basal forebrain atrophy
and cortical amyloid deposition in nondemented elderly subjects. Alzheimer’s & Dementia,

10(5), S344-S353. https://doi.org/10.1016/J.JALZ.2013.09.011

Harris, P. A., Taylor, R., Minor, B. L., Elliott, V., Fernandez, M., O'Neal, L., McLeod, L., Delacqua,
G., Delacqua, F., Kirby, J., & Duda, S. N. (2019). The REDCap consortium: Building an
international community of software platform partners. Journal of Biomedical Informatics, 95.

https://doi.org/10.1016/J.JB1.2019.103208

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., & Conde, J. G. (2009). Research
electronic data capture (REDCap)--a metadata-driven methodology and workflow process

for providing translational research informatics support. Journal of Biomedical Informatics,

42(2), 377-381. https://doi.org/10.1016/J.JB1.2008.08.010

Head, E., Lott, I. T., Patterson, D., Doran, E., & Haier, R. J. (2007). Possible compensatory events

in adult Down syndrome brain prior to the development of Alzheimer disease


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

neuropathology: targets for nonpharmacological intervention. Journal of Alzheimer’s

Disease : JAD, 11(1), 61-76. https://doi.org/10.3233/JAD-2007-11110

Heller, J. H., Spiridigliozzi, G. A., Doraiswamy, P. M., Sullivan, J. A., Crissman, B. G., & Kishnani,
P. S. (2004). Donepezil effects on language in children with Down syndrome: results of the
first 22-week pilot clinical trial. American Journal of Medical Genetics. Part A, 130A(3), 325—

326. https://doi.org/10.1002/AJMG.A.30184

Hithersay, R., Startin, C. M., Hamburg, S., Mok, K. Y., Hardy, J., Fisher, E. M. C., Tybulewicz, V.
L. J., Nizetic, D., & Strydom, A. (2019). Association of Dementia With Mortality Among Adults
With Down Syndrome Older Than 35 Years. JAMA Neurology, 76(2), 152-160.

https://doi.org/10.1001/JAMANEUROL.2018.3616

Horsager, J., Okkels, N., Hansen, A. K., Damholdt, M. F., Andersen, K. H., Fedorova, T. D., Munk,
O. L., Danielsen, E. H., Pavese, N., Brooks, D. J., & Borghammer, P. (2022). Mapping
Cholinergic Synaptic Loss in Parkinson’s Disease: An [18F]JFEOBV PET Case-Control Study.

Journal of Parkinson’s Disease, 12(8), 2493—-2506. https://doi.org/10.3233/JPD-223489

lulita, M. F., Garzon Chavez, D., Klitgaard Christensen, M., Valle Tamayo, N., Plana-Ripoll, O.,
Rasmussen, S. A., Roqué Figuls, M., Alcolea, D., Videla, L., Barroeta, |., Benejam, B., Altuna,
M., Padilla, C., Pegueroles, J., Fernandez, S., Belbin, O., Carmona-Iragui, M., Blesa, R.,
Lleo, A., ... Fortea, J. (2022). Association of Alzheimer Disease With Life Expectancy in
People With Down Syndrome. JAMA Network Open, 5(5).

https://doi.org/10.1001/JAMANETWORKOPEN.2022.12910

Jack, C. R., Andrews, J. S., Beach, T. G., Buracchio, T., Dunn, B., Graf, A., Hansson, O., Ho, C.,
Jagust, W., McDade, E., Molinuevo, J. L., Okonkwo, O. C., Pani, L., Rafii, M. S., Scheltens,
P., Siemers, E., Snyder, H. M., Sperling, R., Teunissen, C. E., & Carrillo, M. C. (2024).

Revised criteria for diagnosis and staging of Alzheimer’s disease: Alzheimer’s Association


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Workgroup. Alzheimer’s & Dementia : The Journal of the Alzheimer’s Association, 20(8),

5143-5169. https://doi.org/10.1002/ALZ.13859

Kanel, P., van der Zee, S., Sanchez-Catasus, C. A., Koeppe, R. A., Scott, P. J. H., van Laar, T.,
Albin, R. L., & Bohnen, N. I. (2022). Cerebral topography of vesicular cholinergic transporter
changes in neurologically intact adults: A [18F]JFEOBV PET study. Aging Brain, 2, 100039.

https://doi.org/10.1016/J.NBAS.2022.100039

Kish, S., Karlinsky, H., Becker, L., Gilbert, J., Rebbetoy, M., Chang, L., DiStefano, L., &
Hornykiewicz, O. (1989). Down’s syndrome individuals begin life with normal levels of brain
cholinergic markers. Journal of Neurochemistry, 52(4), 1183-1187.

https://doi.org/10.1111/J.1471-4159.1989.TB01864.X

Kishnani, P. S., Heller, J. H., Spiridigliozzi, G. A., Lott, I., Escobar, L., Richardson, S., Zhang, R.,
& McRae, T. (2010). Donepezil for treatment of cognitive dysfunction in children with Down
syndrome aged 10-17. American Journal of Medical Genetics. Part A, 1562A(12), 3028—-3035.

https://doi.org/10.1002/AJMG.A.33730

Kishnani, P. S., Sommer, B. R., Handen, B. L., Seltzer, B., Capone, G. T., Spiridigliozzi, G. A.,
Heller, J. H., Richardson, S., & McRae, T. (2009). The efficacy, safety, and tolerability of
donepezil for the treatment of young adults with Down syndrome. American Journal of

Medical Genetics. Part A, 149A(8), 1641-1654. https://doi.org/10.1002/AJMG.A.32953

Lemere, C. A, Blusztajn, J. K., Yamaguchi, H., Wisniewski, T., Saido, T. C., & Selkoe, D. J. (1996).
Sequence of deposition of heterogeneous amyloid beta-peptides and APO E in Down
syndrome: implications for initial events in amyloid plaque formation. Neurobiology of

Disease, 3(1), 16-32. https://doi.org/10.1006/NBDI.1996.0003

Marino, M. J., Rouse, S. T., Levey, A. I., Potter, L. T., & Conn, P. J. (1998). Activation of the

genetically defined m1 muscarinic receptor potentiates N-methyl-D-aspartate (NMDA)


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

receptor currents in hippocampal pyramidal cells. Proceedings of the National Academy of
Sciences of the United States of America, 95(September), 11465-11470.

https://doi.org/10.1073/pnas.95.19.11465

Mulholland, G. K., Jung, Y.-W., Wieland, D. M., Kilbourn, M. R., & Kuhl, D. E. (1993). Synthesis
of [18F]fluoroethoxy-benzovesamicol, a radiotracer for cholinergic neurons. Journal of
Labelled Compounds and Radiopharmaceuticals, 33(7), 583-591.

https://doi.org/10.1002/jlcr.2580330704

Mulholland, G. K., Wieland, D. M., Kilbourn, M. R., Frey, K. A., Sherman, P. S., Carey, J. E., &
Kuhl, D. E. (1998). [18F]fluoroethoxy-benzovesamicol, a PET radiotracer for the vesicular
acetylcholine transporter and cholinergic synapses. Synapse, 30(3), 263-274.

https://doi.org/10.1002/(SICI)1098-2396(199811)30:3<263::AID-SYN4>3.0.CO;2-9

Nemy, M., Dyrba, M., Brosseron, F., Buerger, K., Dechent, P., Dobisch, L., Ewers, M., Fliessbach,
K., Glanz, W., Goerss, D., Heneka, M. T., Hetzer, S., Incesoy, E. I., Janowitz, D., Kilimann,
l., Laske, C., Maier, F., Munk, M. H., Perneczky, R., ... Ferreira, D. (2023). Cholinergic white
matter pathways along the Alzheimer’s disease continuum. Brain : A Journal of Neurology,

146(5), 2075-2088. https://doi.org/10.1093/BRAIN/AWAC385

Okkels, N., Horsager, J., Labrador-Espinosa, M. A., Hansen, F. O., Andersen, K. B., Just, M. K,
Fedorova, T. D., Skjeerbaek, C., Munk, O. L., Hansen, K. V., Gottrup, H., Hansen, A. K.,
Grothe, M. J., & Borghammer, P. (2023). Distribution of cholinergic nerve terminals in the
aged human brain measured with [18F]JFEOBV PET and its correlation with histological data.

Neurolmage, 269. https://doi.org/10.1016/J.NEUROIMAGE.2023.119908

Pujol, J., Fenoll, R., Ribas-Vidal, N., Martinez-Vilavella, G., Blanco-Hinojo, L., Garcia-Alba, J.,

Deus, J., Novell, R., & Esteba-Castillo, S. (2018). A longitudinal study of brain anatomy


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

changes preceding dementia in Down syndrome. Neurolmage. Clinical, 18, 160-166.

https://doi.org/10.1016/J.NICL.2018.01.024

Rafii, M. S., Kleschevnikov, A. M., Sawa, M., & Mobley, W. C. (2019). Down syndrome. Handbook

of Clinical Neurology, 167, 321-336. https://doi.org/10.1016/B978-0-12-804766-8.00017-0

Rafii, M. S., & Santoro, S. L. (2019). Prevalence and Severity of Alzheimer Disease in Individuals
With Down Syndrome. JAMA Neurology, 76(2), 142-143.

https://doi.org/10.1001/JAMANEUROL.2018.3443

Richter, N., Allendorf, I., Onur, O. A., Kracht, L., Dietlein, M., Tittgemeyer, M., Neumaier, B., Fink,
G. R., & Kukolja, J. (2014). The integrity of the cholinergic system determines memory
performance in healthy elderly. Neurolmage, 100, 481-488.

https://doi.org/10.1016/j.neuroimage.2014.06.031

Richter, N., David, L. S., Grothe, M. J., Teipel, S., Dietlein, M., Tittgemeyer, M., Neumaier, B., Fink,
G. R., Onur, O. A., & Kukolja, J. (2022). Age and Anterior Basal Forebrain Volume Predict
the Cholinergic Deficit in Patients with Mild Cognitive Impairment due to Alzheimer’s
Disease. Journal of Alzheimer’s Disease : JAD, 86(1), 425—-440. https://doi.org/10.3233/JAD-

210261

Rozalem Aranha, M., lulita, M. F., Montal, V., Pegueroles, J., Bejanin, A., Vaqué-Alcazar, L.,
Grothe, M. J., Carmona-Iragui, M., Videla, L., Benejam, B., Arranz, J., Padilla, C., Valldeneu,
S., Barroeta, |., Altuna, M., Fernandez, S., Ribas, L., Valle-Tamayo, N., Alcolea, D., ... Fortea,
J. (2023). Basal forebrain atrophy along the Alzheimer’s disease continuum in adults with
Down syndrome. Alzheimer’s & Dementia: The Journal of the Alzheimer’s Association,

19(11), 4817-4827. https://doi.org/10.1002/ALZ.12999

Scheef, L., Grothe, M. J., Koppara, A., Daamen, M., Boecker, H., Biersack, H., Schild, H. H.,

Wagner, M., Teipel, S., & Jessen, F. (2019). Subregional volume reduction of the cholinergic


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

forebrain in subjective cognitive decline (SCD). Neurolmage. Clinical, 21.

https://doi.org/10.1016/J.NICL.2018.101612

Schmitz, T. W., & Nathan Spreng, R. (2016). Basal forebrain degeneration precedes and predicts
the cortical spread of Alzheimer’s pathology. Nature Communications 2016 7:1, 7(1), 1-13.

https://doi.org/10.1038/ncomms13249

Spiridigliozzi, G. A., Hart, S. J., Heller, J. H., Schneider, H. E., Baker, J. A., Weadon, C., Capone,
G. T, & Kishnani, P. S. (2016). Safety and efficacy of rivastigmine in children with Down
syndrome: A double blind placebo controlled trial. American Journal of Medical Genetics.

Part A, 170(6), 1545-1555. https://doi.org/10.1002/AJMG.A.37650

Spiridigliozzi, G. A., Heller, J. H., Crissman, B. G., Sullivan-Saarela, J. A., Eells, R., Dawson, D.,
Li, J., & Kishnani, P. S. (2007). Preliminary study of the safety and efficacy of donepezil
hydrochloride in children with Down syndrome: a clinical report series. American Journal of

Medical Genetics. Part A, 143A(13), 1408—1413. https://doi.org/10.1002/AJMG.A.31790

Thomas, B. A., Erlandsson, K., Modat, M., Thurfjell, L., Vandenberghe, R., Ourselin, S., & Hutton,
B. F. (2011). The importance of appropriate partial volume correction for PET quantification
in Alzheimer’s disease. European Journal of Nuclear Medicine and Molecular Imaging, 38(6),

1104—-1119. https://doi.org/10.1007/S00259-011-1745-9

van der Zee, S., Kanel, P., Gerritsen, M. J. J., Boertien, J. M., Slomp, A. C., Miller, M. L. T. M.,
Bohnen, N. I., Spikman, J. M., & van Laar, T. (2022). Altered Cholinergic Innervation in De
Novo Parkinson’s Disease with and Without Cognitive Impairment. Movement Disorders :
Official ~ Journal ~of the Movement Disorder Society, 37(4), 713-723.

https://doi.org/10.1002/MDS.28913


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Whitehouse, P. J., Price, D. L., Clark, A. W., Coyle, J. T., & DeLong, M. R. (1981). Alzheimer
disease: Evidence for selective loss of cholinergic neurons in the nucleus basalis. Annals of

Neurology, 10(2), 122-126. https://doi.org/10.1002/ANA.410100203

Whitehouse, P. J., Price, D. L., Struble, R. G., Clark, A. W., Coyle, J. T., & DeLong, M. (1982).
Alzheimer’s Disease and Senile Dementia: Loss of Neurons in the Basal Forebrain. Science,

215(4537), 1237-1239. https://doi.org/10.1038/020493a0

Wisniewski, K., Wisniewski, H., & Wen, G. (1985). Occurrence of neuropathological changes and
dementia of Alzheimer’s disease in Down’s syndrome. Annals of Neurology, 17(3), 278-282.

https://doi.org/10.1002/ana.410170310

Xia, Y., Eeles, E., Fripp, J., Pinsker, D., Thomas, P., Latter, M., Doré, V., Fazlollahi, A., Bourgeat,
P., Villemagne, V. L., Coulson, E. J., & Rose, S. (2022). Reduced cortical cholinergic
innervation measured using [18F]-FEOBV PET imaging correlates with cognitive decline in
mild cognitive impairment. Neurolmage. Clinical, 34, 102992.

https://doi.org/10.1016/J.NICL.2022.102992

Zammit, M. D., Betthauser, T. J., McVea, A. K., Laymon, C. M., Tudorascu, D. L., Johnson, S. C,
Hartley, S. L., Converse, A. K., Minhas, D. S., Zaman, S. H., Ances, B. M., Stone, C. K.,
Mathis, C. A., Cohen, A. D., Klunk, W. E., Handen, B. L., & Christian, B. T. (2024).
Characterizing the emergence of amyloid and tau burden in Down syndrome. Alzheimer’s &
Dementia: The Journal of the Alzheimer’s Association, 20(1), 388-398.

https://doi.org/10.1002/ALZ.13444

Zammit, M. D., Tudorascu, D. L., Laymon, C. M., Hartley, S. L., Ellison, P. A., Zaman, S. H., Ances,
B. M., Johnson, S. C., Stone, C. K., Sabbagh, M. N., Mathis, C. A., Klunk, W. E., Cohen, A.

D., Handen, B. L., & Christian, B. T. (2021). Neurofibrillary tau depositions emerge with


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.10.28.24316136; this version posted November 1, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

subthreshold cerebral beta-amyloidosis in down syndrome. Neurolmage: Clinical, 31,

102740. https://doi.org/10.1016/J.NICL.2021.102740

Zhang, C., Zhou, P., & Yuan, T. (2016). The cholinergic system in the cerebellum: From structure
to function. Reviews in the Neurosciences, 27(8), 769-776.

https://doi.org/10.1515/REVNEURO-2016-0008/MACHINEREADABLECITATION/RIS

Zigman, W. B. (2013). Atypical aging in Down syndrome. Developmental Disabilities Research

Reviews, 18(1), 51-67. https://doi.org/10.1002/DDRR.1128

Zorrilla de San Martin, J., Delabar, J. M., Bacci, A., & Potier, M. C. (2018). GABAergic over-
inhibition, a promising hypothesis for cognitive deficits in Down syndrome. Free Radical

Biology & Medicine, 114, 33-39. https://doi.org/10.1016/J.FREERADBIOMED.2017.10.002


https://doi.org/10.1101/2024.10.28.24316136
http://creativecommons.org/licenses/by-nc-nd/4.0/

